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© A dual-chamber AV sequential pacemaker with 
the capability of automatically adjusting right heart 
AV interval to optimize left heart AV interval by 
compensating for pacing-induced inter-atrial and 
inter-ventricular conduction delays. Depending on 
the pacing and sensing action, as determined by the 
patient's native rate, the predetermined threshold 
rate and intrinsic AV interval, the pacemaker selects 
the AV interval. Right heart AV interval is adjusted to 
compensate for the heart's inter-atrial and inter-ven- 
tricular delays. Threshold values are previously es- 
timated, using mean values measured using non- 
invasive techniques. The pacemaker has a dual 
phase operating mechanism consisting of an analy- 
sis phase followed by a pacing phase. The P wave 
rate is sensed and compared to a predetermined 
base rate. If the sensed P wave rate is above the 
baseline, atrial depolarizations will be sensed by the 
pacemaker and small number (default = 4) of con- 
secutive native AV intervals will be averaged. If this 
average is less than a predetermined threshold val- 
ue, the system will continue in the demand mode, 
sensing P and R waves. If the average is greater 
than said value, then the ventricle is paced for n 



number of times the analysis phase (default = 100 
cycles), each followed by a short AV delay (Default 
= 50 ms) that is intended to compensate for the 
delay introduced in the onset of left ventricular de- 
polarization after pacing the right ventricular apex. 
When P wave rate is below the predetermined rate, 
atrial pacing will occur. During the initial analysis 
phase, the pacemaker AV interval may be extended 
to a higher value, say 250 ms, to allow measurement 
of the native AV interval. At least four AV intervals 
will be averaged to compensate for possible Wenc- 
kebach phenomenon. If averaged AV is greater than, 
say 220 ms, sequential pacing with AV of 160 ms 
will take place for 100 cardiac cycles. If averaged 
native AV intervals are less than 220 ms, atrial 
pacing with ventricular sensing will be continued with 
the AV interval set at 250 ms for the next 100 
cycles. At the end of either 100 cycle period, an- 
other 4-beat analyzing phase is started. Both pace- 
maker phases (analysis and pacing) are program- 
mable. The 4/100 cycle sequence allows rapid pac- 
ing mode corrections under situations such as inter- 
mittent block due to exercise or other causes. 
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BACKGROUND OF THE INVENTION 

I. Field of the Invention 

This invention relates generally to the design of 
cardiac pacemakers, and more particularly to a 
dual-chamber atrioventricular (AV) sequential pace- 
maker having the capability of automatically adjust- 
ing the right heart AV interval in order to optimize 
the left heart AV interval. It accomplishes this by 
compensating for pacing-induced inter-atrial and 
inter-ventricular conduction delays known to pro- 
duce impairment of ventricular function in prior art 
pacers. 

II. Discussion of the Prior Art 

The technique of cardiac pacing provides elec- 
trical stimulation of the myocardium when normal, 
intrinsic stimuli are absent or too slow. Beginning at 
the site of the stimulating electrode, an electrical 
wave, or depolarization, spreads through existing 
pathways in the myocardium as if the stimulus 
were natural. However, typical pacing electrodes 
are rarely placed near the site of origination of 
normal sinus beats. They are usually placed on the 
wall of the right atrial appendage or near the apex 
of the right ventricle. By virtue of this placement, 
an artificially stimulated depolarization must travel 
different distances across the heart, thus utilizing 
pathways that an intrinsic sinus beat would not. 

A normal contraction cycle in the heart, shown 
in Figure 1, begins at the sinoatrial node (302) in 
the wall of the right atrium (304) near the superior 
vena cava (306). Specialized nervous tissue located 
there has enhanced capacity to produce an action 
potential and thus is capable of overriding the 
ability of all cardiac muscle cells to initiate a con- 
traction. Due to the enhanced ability of these cells 
to perform cyclical depolarization and repolariza- 
tion, this locus is known as the heart's natural 
pacemaker. The depolarization spreads from this 
site at about 1 meter per second into both the right 
(308) and left (310) atria then atrial appendages 
(312, 314) causing atrial contraction. Thus, in nor- 
mal subjects, right and left atrial contraction occurs 
within a period of 15 to 20 msec of each other. 

The wave eventually reaches the atrioven- 
tricular (AV) junction (316), which is specialized for 
slow conduction. This is the only normal electrical 
connection between the atria and the ventricles and 
it assures that atrial contraction is completed be- 
fore the ventricles are stimulated. As the stimulus 
is passed on to the ventricles, it reaches the spe- 
cialized fibers of the bundle of His (318) and the 
Purkinje fibers (paths F-G-H and F-J-K). These 
fibers conduct at a much higher rate than the atrial 
muscle, about 5 meters per second. These special- 



ized fibers form a network over the ventricles and 
thus distribute to clusters of true cardiac muscle 
(324, 332) the stimulus to depolarize. This process 
is not exactly simultaneous due to the fact that the 

5 stimulus tends to descend the right bundle branch 
(320-322) slightly more slowly (.01 sec) than the 
left bundle branch (330-332). Therefore, the left 
and right surfaces of the interventricular septum 
(326) are stimulated differently so that the depolar- 

70 ization moves from left to right. However, this dif- 
ference is not very apparent when considering the 
entire ventricular conduction period, because once 
the wave reaches the ventricular free walls (340, 
350), it travels its perpendicular path more quickly 

T5 on the right (340). This is due to the significantly 
smaller right muscle mass of the thinner right free 
wall and thus compensates somewhat for the prior 
delay. In this manner, normal ventricular depolar- 
ization is almost simultaneous and is completed in 

20 less than 0.1 second. Thus, the atrial to ventricular 
contraction sequence occurs almost simultaneously 
for left and right sides of the heart. 

A typical lead configuration as known in the art 
for pacing both atrium and ventricle is shown in 

25 Figure 2. A catheter 12 is fit into the right atrium 
and another catheter 14 in the tip of the right 
ventricle. Both may have one or two electrodes, 
one of them placed at each tip. Electrical stimuli 
may be delivered at either locus and will be trans- 

30 ferred by cardiac tissue in the normal manner, as 
described more fully hereinafter. 

A summary of normal conduction pathways is 
provided by the heart shown in Figure 3a. A normal 
depolarization is initiated at the sinoatrial node (A). 

35 It spreads to the right atrial appendage (B), the 
inter-atrial septum (C), the left atrium and appen- 
dage (D) and the atrioventricular node (E). It 
crosses into the ventricles and reaches the bundle 
of His (F). It then splits and runs parallel the two 

40 sides of the septum (F to G, G to H; F to J, J to K) 
following the right bundle branch (F to G to H) and 
the left bundle branch (F to J to K). It then spreads 
out to the Purkinje system and the individual car- 
diac muscle fibers of the right (I) and left (L) 

45 ventricles. 

Cardiac pacing interferes with this normal cycle 
because typical paced beats are not initiated at the 
sinoatrial node (A) as native beats are. A typical 
atrial beat, therefore, is required to follow an ab- 

so normal depolarization pathway in order to reach the 
ventricles. 

An example of such an abnormal depolarization 
pathway is that which results when a pacing elec- 
trode is placed on the right atrial appendage, as 
55 shown in Figure 3b. The stimulus travels from the 
point of electrode placement A* towards the base 
of the appendage. As previously described, this 
conduction occurs by passing the stimulus from 
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muscle cell to muscle cell at only about 1 meter 
per second in the healthy heart and possibly 
slower in the diseased heart. This results in a first 
depolarization and contraction cycle in the right 
atrium (A f to B\ A f to C\ A' to E) followed by a 
second depolarization and contraction cycle in the 
left atrium (C to D, E to D). The delay between 
these two contractions (right and left atrium) has 
been found to be in the range of 70 to 200 msec. 

Another example of an abnormal depolarization 
pathway is that which occurs during ventricular 
pacing, as shown in Figure 3c. A similar delay as in 
atrial pacing has been observed when the right 
ventricle is paced. The apex of the right ventricle is 
stimulated (A") and the depolarization flows along 
the pathway G-H-l. It also flows retrograde through 
the bundle branches (A" to B") of the right Purkinje 
system up to the bundle of His (B") then to the left 
ventricular Purkinje system (B" to J to K). This 
results in a delay in depolarization and contraction 
between the two cavities of 60 to 100 msec. During 
this process, the much slower ability of cardiac 
muscle fibers to stimulate one another plays an 
insignificant role in passing the contraction stimulus 
through the interventricular septum and from right 
free wall to left free wall and from the point of 
stimulation to the left ventricle (A" to J). 

This has important implications in treating 
pathological conditions, since every patient has an 
optimal AV delay. If the AV delay is either too short 
or too long, there will be a reduction of ventricular 
filling and thus a reduction in cardiac output, de- 
fined as the quantity of blood moved through the 
heart per unit of time. The atrial contribution to 
cardiac output (CO) is well known and has been 
one of the objectives of the development of dual- 
chamber, AV sequential pacemakers. However, it 
has become increasingly apparent that program- 
ming a pacemaker to be timed to preserve an AV 
interval that is within a "physiological" range may 
be misleading when based upon delivery of pacing 
pulses to the right atrium and/or ventricle, due to 
both the aforementioned delays in contraction and 
the known difficulty in assessing exact timing of left 
atrial and left ventricular depolarization from a stan- 
dard surface ECG. 

Furthermore, some pathological conditions are 
intermittent. A well-designed pacemaker should be 
able to detect then react as intermittent conduction 
problems spontaneously begin and end. An exam- 
ple of such a condition is intermittent heart block. 
One way to monitor these conditions is by the 
standard electrocardiogram depolarization 
waveform. 

Cardiac pacemakers are designed to detect the 
movement of the depolarization as it spreads 
across the heart, utilizing the standard electrocar- 
diography PQRST waveform. In certain pathologi- 



cal conditions such as heart block, there may be 
an excessive lengthening of AV interval causing 
various degrees of alteration in ventricular function, 
depending on the timing of the P waves in relation 

5 to the QRS complex. If there is an AV dissociation, 
those beats with properly timed P waves are known 
to be stronger than those without Restoration of 
AV synchrony by artificial pacing in these patients 
usually improves cardiac function. It must be re- 

w membered, however, that true AV synchrony is 
only attained when the pacemaker used is pro- 
grammed to account for the differences in conduc- 
tion times inherent in the process of pacing. 

When pacing the atrium and sensing the ventri- 

?5 cle, it is possible to account for these differences 
by calculating the left heart AV interval (LAV) on 
the basis of the measured total AV interval (AV) 
and inter-atrial conduction delay. Using the formula 
LAV = AV - IACT, it is possible to determine 

20 whether the stimulated beats are being conducted 
within an appropriate range. 

Two examples are illustrative: 
If the patient suffers from sinus bradycardia 
and the right atrium is paced with a lead in the 

25 right atrial appendage, the patient's own PR interval 
(i.e., typically 150 ms) will be apparently preserved, 
as seen on the surface ECG. Since the impulse is 
originated in the right atrial appendage, it takes 
some time to reach the left atrium (e.g. 100 ms), so 

30 the actual left heart AV interval (LAV) will be con- 
siderably shorter (50 ms) and outside the physio- 
logic range. 

Likewise, if the patient suffers from third de- 
gree AV block and AV sequential pacing is used, 

35 pacing the right ventricle 150 ms after a sensed P 
wave will lengthen left heart AV interval by the 
duration of inter-ventricular conduction time. Thus, 
actual left heart AV during atrial sensing-ventricular 
pacing is the result of adding the measured AV 

40 plus the interventricular conduction time. 

It is apparent from above observations, that 
programming a pacemaker to preserve a 
"physiological" AV interval based on measure- 
ments of right-sided events may be misleading, 

45 since the left atrial and left ventricular depolariza- 
tion are difficult to assess from a standard surface 
ECG. To more appropriately adjust the timing, it is 
important to know the factors that influence these 
intervals. 

so Research was done to separately measure 
right and left heart AV intervals during different 
pacing modalities and to assess left ventricular 
systolic function by systolic time intervals. Inter- 
atrial conduction time (IACT) was measured from 

55 the right atrial pacing spike to the onset of left atrial 
depolarization, as detected by an esophageal elec- 
trode. 

Inter-ventricular conduction time is the addi- 
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tional delay caused by right ventricular pacing on 
the onset of left ventricular activation-contraction. 
This was assessed by measuring the duration of 
left heart pre-ejection period both during RV pacing 
and during spontaneous depolarization. The dif- 
ference between these modes of initiating a con- 
traction is thus an approximation of the inter-ven- 
tricular conduction time. 

The above research has shown that in con- 
ditions of apparent physiological pacing as judged 
from right-sided AV intervals within a physiological 
range, non-physiological left heart AV intervals may 
result. Furthermore, it is well known that non-phys- 
iological left heart AV intervals may produce im- 
pairment of ventricular function. Thus, depending 
on whether the right atrium and right ventricle are 
paced or sensed, there will be alteration or not on 
the left heart AV interval. When the right atrium is 
sensed, there is no change in the left heart AV 
when the right ventricle is sensed as well, but the 
LAV will lengthen when the right ventricle is paced. 
When the right atrium is paced, there is a shor- 
tening in LAV when the right ventricle is sensed, 
but if the right ventricle is also paced, the delays 
may partially cancel out 

OBJECTS 

It is accordingly a principal object of the inven- 
tion is to provide a new and improved method and 
apparatus for automatically adjusting right heart AV 
interval to optimize left heart AV interval by com- 
pensating for pacing-induced inter-atrial and inter- 
ventricular delays. 

It is a further object of the present invention to 
provide a dual-chamber AV sequential pacemaker 
that will compensate for the left heart AV interval. 

It is another object of the invention to provide a 
new and improved method and apparatus for cal- 
culating left heart AV interval during cardiac pacing 
from right ventricular chambers. 

SUMMARY OF THE INVENTION 

The foregoing objects and advantages of the 
invention are achieved by providing an algorithm 
for a dual chamber AV sequential pacemaker pro- 
viding the capability to compensate for pacing- 
induced inter-atrial and inter-ventricular conduction 
delays. This results in a pacer in which the right 
heart AV interval is automatically adjusted so as to 
optimize the left heart AV interval. 

Conventional DDD and DDDR circuitry are uti- 
lized, and programming of sensor rate control is 
optional. The patient's intrinsic lower rate and AV 
interval determine the pacing and sensing actions 
required. According to these requirements, the 
pacemaker selects an appropriate AV interval. Val- 



ues for inter-atrial and inter- ventricular delays are 
either assumed or measured via standard non- 
invasive techniques and programmed into the 
pacemaker. In this manner, a right AV interval that 
5 will compensate for these delays is automatically 
chosen by the pacemaker. 

DESCRIPTION OF THE DRAWING 

w Figure 1 depicts the anatomy of the conduction 
tissues of the heart. 

Figure 2 shows a typical lead configuration used 
in the system. 

Figure 3 shows the cardiac depolarization path- 
75 ways in the normal heart (a), during right atrial 
pacing (b) and during right ventricular pacing 
(c). 

Figure 4 is a functional block diagram of an 
apparatus that embodies the teachings of the 
20 present invention; and 

Figure 5 depicts a software flow diagram of the 
preferred algorithm allowing for compensation of 
left heart AV interval in accordance with the 
present invention. 

25 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENT 

A preferred embodiment of the cardiac stimu- 

30 lating apparatus incorporating the present invention 
is shown in the block diagram of Figure 4. In this 
drawing there is depicted schematically a heart 10 
having 2 distinct leads, one in the atrium 12 and 
another in the ventricle 14. The lead 12 is shown 

35 as being passed through the superior vena cava 
and through the right atrium with tip electrode 13 
projecting into the right atrial appendage and the 
lead 14 is shown with tip electrode 15 positioned at 
the apex of the right ventricle. 

40 It comprises conventional DDD circuitry with 

rate control by a sensor (DDDR). Depending on the 
pacing and sensing action, as determined by the 
patient's own rate, sensor rate and intrinsic atrio- 
ventricular (AV) interval, the pacemaker selects an 

45 appropriate pacing AV interval. Right heart AV is 
accommodated to compensate for inter-atrial and 
inter-ventricular delays. These values can be cal- 
culated using non-invasive techniques and pro- 
grammed into the pacemaker or alternatively de- 

50 fault values may be used. Default inter-atrial con- 
duction time (IACT) and interventricular conduction 
time (IVCT) typically may consist of average values 
observed in the paced population. 

The pacing algorithm of the present invention 

55 described hereinbelow demonstrates one of the 
many ways by which compensation of left heart AV 
interval may be accomplished, and is based on the 
following premises: 
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1. - Pacing the right atrial appendage causes a 
delay in left atrial contraction (inter-atrial con- 
duction time, IACT). 

2. - Pacing the right ventricular apex causes a 
delay in left ventricular contraction, similar to 
that observed in Left Bundle Branch Block. 

3. - Atrial contribution to ventricular systole is 
dependent on AV interval. 

4. - Maintenance of left heart AV sequence is 
more important than right heart AV sequence for 
preservation of left ventricular efficiency. 

The pacemaker has a 2 stage operating 
mechanism: 

1 . - An Analysis Stage, during which it analyzes 
the timing of a programmable number of beats, 
for example 4 consecutive beats of the patient's 
intrinsic rhythm, and measures 4 AV intervals, 
obtaining a moving average refreshed every 
beat. AV interval during this stage is set at 250 
ms to allow ample range for intrinsic AV inter- 
vals. 

2. - A Pacing Stage, during which a program- 
mable number of beats are paced, for example 
the next 100 consecutive beats, according to the 
measured values (intrinsic AV, P wave rate), the 
other selected operating parameters of the 
pacemaker (left heart AV, lower rate, upper rate 
and other conventional variables) and sensor 
rate. The pacing AV interval will be selected so 
as to provide a left AV interval within a phys- 
iological range. 

With particular reference to Figure 4, there is 
depicted schematically a heart 10 having a multi- 
lead pacing/sensing apparatus disposed therein. 
The lead 12 is shown having electrode 13 for 
pacing the right atrium and the lead 14 having 
electrode 15 positioned at the right ventricular 
apex. A proximal indifferent electrode 18 is located 
outside of the heart. 

Passing through the body of lead 12 there are 
1 or 2 conductors (unipolar or bipolar configuration) 
plus the necessary conductors and/or hardware for 
sensor control of heart rate, to be connected in the 
usual manner to the implantable stimulator device 
enclosed by dashed line box 22. 

The rate detection and stimulating apparatus 
enclosed by the dashed line box 22 includes a 
sense amplifier unit 24 having its input connected 
by a conductor 26 to the tip electrode 13 of the 
lead 12. The sense amplifier unit 24 is thus able to 
detect and amplify signals from the P wave seg- 
ment of the standard electrocardiogram resulting 
from the beating action of the heart 10. An addi- 
tional sense amplifier 30 detects and amplifies the 
QRS complex of the standard electrocardiogram in 
a similar manner. The output from the sense am- 
plifier unit 24 is fed to a rate detector circuit 32 
which, as its name implies, converts the detected 



P-P interval to a rate value, Ri, measured in 
beats/minute. This measured heart rate value. Ri, 
is then compared to a predetermined rate refer- 
ence value, R2, as indicated by block 34 and 

5 stored in memory 36. This value is used to deter- 
mine pacing mode. 

To evaluate the AV interval, the stimulator 
module 22 further includes an R wave sensor and 
amplifier 30 and AV detect circuitry 38 for detect- 

10 ing the right AV interval of the heart. AV interval is 
measured as the time elapsed between atrial and 
ventricular depolarizations, reflected as the time 
difference between either the native P wave or an 
atrial pacing spike and the native R wave or a 

75 ventricular pacing spike. 

A programmable number of AV intervals will be 
evaluated by AV detector 38. A suggested number 
of intervals that will give a reliable average is 4. 
The detected value signal for AV interval from 

20 detector 38 is passed to AV comparator 40. When 
programmed to compute the average of 4 consecu- 
tive native AV intervals, this 4 beat average is 
compared to a predetermined, fixed threshold of, 
for example, 170 msec. The result of this compari- 

25 son is stored in memory 42 and used by logic 
circuitry 44 to select and execute pacing mode. 
Either atrial pacing 46 or ventricular pacing 48 or 
both may be chosen. Stimulating pulses are then 
delivered via conductors 50 and 52. Thus, pacing 

30 and sensing of the right atrium may share the 
same atrial lead electrodes, and pacing and sens- 
ing of the ventricle may share the same ventricular 
lead electrodes. 

The pacemaker incorporating the novel timing 

35 mechanism of the present invention utilizes stan- 
dard sensing methods. Among these are various 
alternatives for sensor-controlled rate responsive 
pacing. Sensor signals may be obtained from ven- 
tricular leads or leads external to the heart. Exam- 

40 pies of standard control parameters that may be 
derived from ventricular leads are stroke volume 
(volume of blood expelled from the ventricle during 
a single beat), first derivative of volume with re- 
spect to time, pressure, temperature, respiratory 

45 interval, electrocardiogram or Q-T interval. An ex- 
ample of an external control parameter is the signal 
derived from a motion sensor. Any one of these 
signals can be received in the manner known in the 
art by sensor processor 54, which contains stan- 

50 dard circuitry for the execution of sensor controlled 
rate responsive pacing. In this example of the pre- 
ferred embodiment, the sensor used is of the im- 
pedance detection type, whereby a driving signal is 
directed to the intraventricular electrodes, and the 

55 resulting voltage is detected from the same elec- 
trodes and processed in sensor processor 54 and 
then directed to logic circuitry 44 to determine the 
pacing rate. Thus either a programmed lower rate 



6 



9 



EP 0 494 487 A2 



10 



or a sensor-determined rate may control pacing 
rate in this device. 

ANALYSIS STAGE* 

With reference to Figure 5, the pacemaker first 
sets a long AV interval (i.e. 250 ms), to permit the 
measurement of 4 consecutive intrinsic AV inter- 
vals (lAV) (block 1) and obtain a moving average of 
them (block 2). Simultaneously, and on a beat-by- 
beat basis, the pacemaker measures the P wave 
rate (block 3). 

As shown by decision block 4, a comparator 
directs a logic state 1 to "yes" output (5) if the 
measured average AV is greater than a reference 
value of, for example, 200 ms. A logic state 1 is 
directed to "no" output (6) if the patient's intrinsic 
AV is equal to or less than the reference value of 
200 ms. 

Similarly, and on a beat by beat basis, the 
patient's P wave rate is compared at decision block 
7 with the pacemaker's lower rate (LR) (in DDD 
devices) or with the prevailing sensor rate (SR) (in 
DDDR devices). If the intrinsic rate is lower than 
either the LR or SR, a logic state 1 is directed to 
"yes" output (8). If equal or greater than the refer- 
ence values, then the logic state 1 is directed to 
"no" output (9). 

The outputs of comparators 4 and 7 directed to 
logic AND gates 10 through 13 to execute pacing 
mode. It can be seen that any combination of 
sensing or pacing the ventricle while sensing or 
pacing the atrium is possible, as indicated by 
blocks 14 through 17. 

PACING STAGE: 

The pacemaker has registers for storing con- 
ventional programmable parameters, such as upper 
rate, lower rate, sensitivity, refractory periods, etc., 
and in addition, the values for inter-atrial and inter- 
ventricular conduction delays and selected left 
heart AV interval (SAV). Optionally, a P wave sens- 
ing offset (PSO) may be included. PSO is the 
difference resulting between AV intervals of paced 
atrial beats and sensed atrial beats. Since sensing 
of P waves take some time, this time slightly leng- 
thens the AV interval. 

Depending on the results of the comparisons at 
decision blocks 4 and 7, logic AND gates 10 
through 13 and values of IACT and IVCT, the 
pacing modality and AV interval are selected. 

Assuming, for example, that IACT is 120 ms, 
IVCT is 60 ms and P Sensing Offset is 40 ms, the 
pacing AV interval will depend on whether the 
atrium and ventricle are sensed or paced. For 
example, if the selected left heart AV interval (SAV) 
is 150 ms, the patient's intrinsic AV is greater than 



200 ms, and intrinsic rate is below the lower rate or 
sensor rate, AND gate 10 will be activated and the 
pacemaker will sequentially pace the atrium and 
ventricle with an AV interval of: 

5 

AV = SAV + IACT - IVCT = 150 + 120 - 60 = 
210 ms (block 14). 

In this case, it can be seen that in order to obtain a 
w left heart AV of 150 ms, the right heart should be 
paced with an AV of 210 ms. 

Likewise, if in the same patient the intrinsic P 
wave rate goes up, then comparator 7 will have a 
"no" output (line 9). and comparator 4 will continue 
;s with a "yes" output (Required condition: IAV > 200 
ms). In this case, AND gate 1 1 will be active, and 
the pacemaker will track the P waves, pacing the 
right ventricle with an AV delay of: 

AV = SAV - IVCT - SO = 150 - 60 - 40 = 50 
20 ms, to provide the left heart with an AV of 150 ms 
(step 15), which is physiological, and exactly as 
programmed. 

In contrast, if the sensor rate prevails, thus 
driving the atrial channel, and if intrinsic AV is 
25 shorter than reference value (in this case 200 ms 
as compared to 180 ms), then pacing the atrium 
alone in this patient, as it would be the case with a 
conventional DDDR device, would cause the left 
heart AV to be: 

30 

LAV = IAV - IACT = 180 - 120 = 60 ms, 

This is too short, thus it falls within a non-phys- 
iological range. The only way to delay left ventricu- 

35 lar contraction in this situation is to accomplish a 
more physiological left heart AV interval by pacing 
the apex of the RV, which will introduce a delay in 
left ventricular activation equal to the inter- ventricu- 
lar conduction delay. The Pacing AV would thus 

40 be: 

PAV = SAV + IACT - IVCT - K = 150 + 120 - 60 
- 40 = 170 ms. 

45 In this case, with a pacing AV of 170 ms, the 
effective left AV will be: 

LAV = PAV - IACT + IVCT = 170 - 120 + 60 = 
110 ms. 

50 

A constant, K, of 40 ms is used to offset the R 
wave sensing delay and to reduce the occurrence 
of fusion phenomenon. Fusion beats are those 
which occur when the pacing spike and the QRS 
55 complexes are superimposed upon the other. 

Lastly, if the intrinsic rate is faster than the 
sensor rate, (decision block 7 with "no" output) and 
intrinsic AV is less than 200 ms (decision block 4 
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with w no" output), both chambers will be sensed by 
the pacemaker (step 17), in which case right and 
left AV intervals will be similar at 180 ms, the 
patient's own AV delay. 

It is known from experiments on many patients 
that each patient has an optimal AV interval. In 
particular, the formula LAV = AV - IACT + IVCT 
expresses the relationship wherein left AV interval 
is equal to the difference between measured AV 
interval and interatrial conduction time plus inter- 
ventricular conduction time. From this formula, and 
the examples given in the discussion of the prior 
art, it can be seen that programming a pacemaker 
to preserve an AV interval that falls within phys- 
iological range may not give accurate timing on the 
left heart when based upon measurements of right- 
sided events. This occurs because of the pathway 
of the depolarization and the fact that the timing of 
the left atrial and left ventricular depolarizations are 
difficult to assess from a standard surface ECG. 

As is known in the art, both the sensing and 
pacing modes can be programmable. This particu- 
lar 4/100 cycle sequence or any similar ratio, per- 
mits rapid corrections of pacing mode as cardiac 
conditions change. An example of such change 
would be intermittent heart block due to exercise. 
Therefore, the device permits enhanced flexibility 
to rapidly respond to such changes. Those values 
however are modifiable, tailoring them to the in- 
dividual patient's needs. It can be seen then that 
when the DDD pacer is operated in accordance 
with the algorithm illustrated in Figure 5, the right 
heart AV interval can be automatically adjusted so 
as to optimize the left heart AV interval. This is 
accomplished by compensating for pacing-induced 
inter-atrial and inter-ventricular conduction delays 
that naturally result from placement of the pacing 
stimulus at a site that is distant from the sinoatrial 
node. This is also accomplished by selecting 
threshold delay intervals that compensate for the 
different requirements depending upon whether the 
atrium is being paced or whether naturally occur- 
ring P waves are present. 

This invention has been described herein in 
considerable detail in order to comply with the 
Patent Statutes and to provide those skilled in the 
art with the information needed to apply the novel 
principles and to construct and use such special- 
ized components as are required. However, it is to 
be understood that the invention can be carried out 
by specifically different equipment and devices and 
that various modifications, both as to equipment 
details and operating procedures, can be accom- 
plished without departing from the scope of the 
invention itself. 

Claims 



1. In a cardiac pacemaker of the type including a 
means for sensing atrial depolarization signals, 
means for sensing ventricular depolarization 
signals, control means for receiving said atrial 

5 and ventricular depolarization signals, atrial 

and ventricular pacing means for applying 
stimulating pulses to the atrium and to the 
ventricle, an improved timing means in said 
control means comprising: 
10 (a) means coupled to said atrial sensing 

means for determining whether the rate at 
which said atrial depolarization signals oc- 
cur are below a predetermined value; 

(b) AV interval determining means coupled 
is to said atrial and said ventricular sensing 

means for determining whether the time be- 
tween the occurrence of an atrial depolar- 
ization signal and the next succeeding ven- 
tricular depolarization signal, on the aver- 
20 age, exceeds a predetermined AV interval 

value and if so, triggering said ventricle 
pacing means to generate a series of ven- 
tricular stimulating pulses, each following a 
predetermined time delay from the preced- 
es ing atrial depolarization signal; and 

(c) means for adjusting pacing induced AV 
interval to produce an effective left heart AV 
interval corrected for pacing-induced timing 
delays which result from whether the atrium 

30. and/or the ventricles are being paced or 

sensed. 

2. The device as in claim 1, wherein said atrial 
sensing means detects the presence or ab- 

35 sence of a native atrial beat and if no native 

atrial beat is detected within a pre-established 
physiologic time interval, sends a control sig- 
nal to said atrial pace means to apply said 
stimulating pulse to the atrium before engaging 

40 said AV interval determining means. 

3. The device as in claim 1, wherein said AV 
interval determining means further includes 
means for determining a programmable num- 

45 ber of AV intervals and determining the aver- 

age thereof and comparator means for com- 
paring said average AV interval to a predeter- 
mined programmed interval. 

so 4. The device as in claim 1, wherein said pre- 
determined AV interval value is programmable. 

5. The device as in claim 1 , wherein said means 
coupled to said atrial sensing means for deter- 
55 mining atrial depolarization rate further in- 

cludes an atrial rate detection means for de- 
tecting the time interval between a first and a 
second native atrial depolarization and an atrial 
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rate comparator means for determining if the 
rate at which said second native atrial depolar- 
ization occurs is below a predetermined value. 

6. The device as in claim 1, wherein said atrial 5 
sensing means further includes comparator 
means for comparing native atrial rate to a 
discrete predetermined lower rate value and 
logic means coupled to said comparator 
means for activating said atrial pacing means 10 
and said ventricular pacing means depending 

on the results of the comparison. 

7. The device as in claim 3, and further including 
comparator means coupled to said atrial sens- is 
ing means for comparing measured atrial rate 

with a predetermined reference value and con- 
trolling said atrial and ventricular pacing 
means. 



The device as in claim 3, wherein outputs of 
said comparator means will determine a right 
heart AV interval to optimize a left heart AV 
interval. 



20 



25 



9. The device as in claim 3, wherein the AV 
interval is a function of said predetermined 
lower rate or sensor rate, and whether either 
the atrium or ventricle or both are paced or 
sensed. 30 



35 
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© Cardiac pacemaker with automatic a-v programming for optimization of left heart a-v interval. 



© A dual-chamber AV sequential pacemaker with 
the capability of automatically adjusting right heart 
AV interval to optimize left heart AV interval by 
compensating for pacing-induced inter-atrial and 
inter-ventricular conduction delays. Depending on 
the pacing and sensing action, as determined by the 
patient's native rate, the predetermined threshold 
rate and intrinsic AV interval, the pacemaker selects 
the AV interval. Right heart. AV interval is adjusted to 
compensate for the heart's inter-atrial and inter-ven- 
tricular delays. Threshold values are previously es- 
timated, using mean values measured using non- 
invasive techniques. The pacemaker has a dual 
phase operating mechanism consisting of an analy- 
sis phase followed by a pacing phase. The P wave 
00 rate is sensed and compared to a predetermined 
^ base rate. If the sensed P wave rate is above the 
^ baseline, atrial depolarizations will be sensed by the 
00 pacemaker and small number (default = 4) of con- 
^J" secutive native AV intervals will be averaged. If this 
average is less than a predetermined threshold val- 
<J> ue, the system will continue in the demand mode, 
^ sensing P and R waves. If the average is greater 
© than said value, then the ventricle is paced for n 

Q. 
UJ 



number of times the analysis phase (default = 100 
cycles), each followed by a short AV delay (Default 
= 50 ms) that is intended to compensate for the 
delay introduced in the onset of left ventricular de- 
polarization after pacing the right ventricular apex. 
When P wave rate is below the predetermined rate, 
atrial pacing will occur. During the initial analysis 
phase, the pacemaker AV interval may be extended 
to a higher value, say 250 ms, to allow measurement 
of the native AV interval. At least four AV intervals 
will be averaged to compensate for possible Wenc- 
kebach phenomenon. If averaged AV is greater than, 
say 220 ms, sequential pacing with AV of 160 ms 
will take place for 100 cardiac cycles. If averaged 
native AV intervals are less than 220 ms, atrial 
pacing with ventricular sensing will be continued with 
the AV interval set at 250 ms for the next 100 
cycles. At the end of either 100 cycle period, an- 
other 4-beat analyzing phase is started. Both pace- 
maker phases (analysis and pacing) are program- 
mable. The 4/100 cycle sequence allows rapid pac- 
ing mode corrections under situations such as inter- 
mittent block due to exercise or other causes. 
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Description 

BACKGROUND OF THE INVENTION 

5 I. Field of the Invention 

This invention relates generally to the design of cardiac pacemakers, and more particularly to a dual -chamber atri- 
oventricular (AV) sequential pacemaker having the capability of automatically adjusting the right heart AV interval in 
order to optimize the left heart AV interval. It accomplishes this by compensating for pacing-induced interatrial and inter- 
10 ventricular conduction delays known to produce impairment of ventricular function in prior art pacers. 

II. Discussion of the Prior Art 

The technique of cardiac pacing provides electrical stimulation of the myocardium when normal, intrinsic stimuli are 

15 absent or too slow. Beginning at the site of the stimulating electrode, an electrical wave, or depolarization, spreads 
through existing pathways in the myocardium as if the stimulus were natural. However, typical pacing electrodes are 
rarely placed near the site of origination of normal sinus beats. They are usually placed on the wail of the right atrial 
appendage or near the apex of the right ventricle. By virtue of this placement, an artificially stimulated depolarization 
must travel different distances across the heart, thus utilizing pathways that an intrinsic sinus beat would not. 

20 A normal contraction cycle in the heart, shown in Figure 1 , begins at the sinoatrial node (302) in the wall of the right 
atrium (304) near the superior vena cava (306). Specialized nervous tissue located there has enhanced capacity to 
produce an action potential and thus is capable of overriding the ability of all cardiac muscle cells to initiate a contraction. 
Due to the enhanced ability of these cells to perform cyclical depolarization and repolarization, this locus is known as 
the heart's natural pacemaker. The depolarization spreads from this site at about 1 meter per second into both the right 

25 (308) and left (310) atria then atrial appendages (312, 314) causing atrial contraction. Thus, in normal subjects, right 
and left atrial contraction occurs within a period of 15 to 20 msec of each other. 

The wave eventually reaches the atrioventricular (AV) junction (316), which is specialized for slow conduction. This 
is the only normal electrical connection between the atria and the ventricles and it assures that atrial contraction is 
completed before the ventricles are stimulated. As the stimulus is passed on to the ventricles, it reaches the specialized 

30 fibers of the bundle of His (318) and the PurWnje fibers (paths F-G-H and F>j-K). These fibers conduct at a much higher 
rate than the atrial muscle, about 5 meters per second. These specialized fibers form a network over the ventricles and 
thus distribute to clusters of true cardiac muscle (324, 332) the stimulus to depolarize. This process is not exactly simul- 
taneous due to the fact that the stimulus tends to descend the right bundle branch (320-322) slightly more slowly (.01 
sec) than the left bundle branch (330-332). Therefore, the left and right surfaces of the interverttriajlar septum (326) are 

35 stimulated differently so that the depolarization moves from left to right. However, this difference is not very apparent 
when considering the entire ventricular conduction period, because once the wave reaches the ventricular free wails 
(340, 350), it travels its perpendicular path more quickly on the right (340). This is due to the significantly smaller right 
muscle mass of the thinner right free wall and thus compensates somewhat for the prior delay. In this manner, normal 
ventricular depolarization is almost simultaneous and is completed in less than 0. 1 second. Thus, the atrial to ventricular 

40 contraction sequence occurs almost simultaneously for left and right sides of the heart. 

A typical lead configuration as known in the art for pacing both atrium and ventricle is shown in Figure 2. A catheter 
1 2 is fit into the right atrium and another catheter 1 4 in the tip of the right ventricle. Both may have one or two electrodes, 
one of them placed at each tip. Electrical stimuli may be delivered at either locus and will be transferred by cardiac tissue 
in the normal manner, as described more fully hereinafter. 

45 A summary of normal conduction pathways is provided by the heart shown in Figure 3a. A normal depolarization 
is initiated at the sinoatrial node (A). It spreads to the right atrial appendage (B), the inter-atrial septum (C) , the left atrium 
and appendage (D) and the atrioventricular node (E). It crosses into the ventricles and reaches the bundle of His (F). It 
then splits and runs parallel the two sides of the septum (F to G. G to H; F to J, J to K) following the right bundle branch 
(F to G to H) and the left bundle branch (F to J to K) . It then spreads out to the Pur kinje system and the individual cardiac 

so muscle fibers of the right (I) and left (L) ventricles. 

Cardiac pacing interferes with this normal cycle because typical paced beats are not initiated at the sinoatrial node 
(A) as native beats are. A typical atrial beat, therefore, is required to follow an abnormal depolarization pathway in order 
to reach the ventricles. 

An example of such an abnormal depolarization pathway is that which results when a pacing electrode is placed 
55 on the right atrial appendage, as shown in Figure 3b. The stimulus travels from the point of electrode placement A' 
towards the base of the appendage. As previously described, this conduction occurs by passing the stimulus from muscle 
cell to muscle cell at only about 1 meter per second in the healthy heart and possibly slower in the diseased heart This 
results in a first depolarization and contraction cycle in the right atrium (A' to B\ A* to C\ A' to E) followed by a second 
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depolarization and contraction cycle in the left atrium (C to D, E to D). The delay between these two contractions (right 
and left atrium) has been found to be in the range of 70 to 200 msec. 

Another example of an abnormal depolarization pathway is that which occurs during ventricular pacing, as shown 
in Figure 3c. A similar delay as in atrial pacing has been observed when the right ventricle is paced. The apex of the 
5 right ventricle is stimulated (A") and the depolarization flows along the pathway G-H-l. It also flows retrograde through 
the bundle branches (A" to B") of the right Purkinje system up to the bundle of His (B") then to the left ventricular Purkinje 
system (B w to J to K). This results in a delay in depolarization and contraction between the two cavities of 60 to 100 
msec. During this process, the much slower ability of cardiac muscle fibers to stimulate one another plays an insignificant 
role in passing the contraction stimulus through the interventricular septum and from right free wall to left free wall and 
10 from the point of stimulation to the left ventricle (A" to J). 

This has important implications in treating pathological conditions, since every patient has an optimal AV delay If 
the AV delay is either too short or too long, there will be a reduction of ventricular filling and thus a reduction in cardiac 
output, defined as the quantity of blood moved through the heart per unit of time. The atrial contribution to cardiac output 
(CO) is well known and has been one of the objectives of the development of dual-chamber, AV sequential pacemakers. 
15 However, it has become increasingly apparent that programming a pacemaker to be timed to preserve an AV interval 
that is within a "physiological" range may be misleading when based upon delivery of pacing pulses to the right atrium 
and/or ventricle, due to both the aforementioned delays in contraction and the known difficulty in assessing exact timing 
of left atrial and left ventricular depolarization from a standard surface ECG. 

Furthermore, some pathological conditions are intermittent. A well-designed pacemaker should be able to detect 
20 then react as intermittent conduction problems spontaneously begin and end. An example of such a condition is inter- 
mittent heart block. One way to monitor these conditions is by the standard electrocardiogram depolarization waveform. 

Cardiac pacemakers are designed to detect the movement of the depolarization as it spreads across the heart, 
utilizing the standard electrocardiography PQRST waveform. In certain pathological conditions such as heart block, 
there may be an excessive lengthening of AV interval causing various degrees of alteration in ventricular function, 
25 depending on the timing of the P waves in relation to the QRS complex. If there is an AV dissociation, those beats with 
properly timed P waves are known to be stronger than those without. Restoration of AV synchrony by artificial pacing 
in these patients usually improves cardiac function. It must be remembered, however, that true AV synchrony is only 
attained when the pacemaker used is programmed to account for the differences in conduction times inherent in the 
process of pacing. 

30 When pacing the atrium and sensing the ventricle, it is possible to account for these differences by calculating the 
left heart AV interval (LAV) on the basis of the measured total AV interval (AV) and inter-atrial conduction delay. Using 
the formula LAV = AV - IACT , it is possible to determine whether the stimulated beats are being conducted within an 
appropriate range. 

Two examples are illustrative: 

35 If the patient suffers from sinus bradycardia and the right atrium is paced with a lead in the right atrial appendage, 

the patient's own PR interval (i.e., typically 150 ms) will be apparently preserved, as seen on the surface ECG. Since 
the impulse is originated in the right atrial appendage, it takes some time to reach the left atrium (e.g. 100 ms). so the 
actual left heart AV interval (LAV) will be considerably shorter (50 ms) and outside the physiologic range. 

Likewise, if the patient suffers from third degree AV block and AV sequential pacing is used, pacing the right ventricle 

40 150 ms after a sensed P wave will lengthen left heart AV interval by the duration of inter-ventricular conduction time. 
Thus, actual left heart AV during atrial sensing-ventricular pacing is the result of adding the measured AV plus the 
interventricular conduction time. 

It is apparent from above observations, that programming a pacemaker to preserve a "physiological" AV interval 
based on measurements of right-sided events may be misleading, since the left atrial and left ventricular depolarization 

45 are difficult to assess from a standard surface ECG. To more appropriately adjust the timing, it is important to know the 
factors that influence these intervals. 

Research was done to separately measure right and left heart AV intervals during different pacing modalities and 
to assess left ventricular systolic function by systolic time intervals. Interatrial conduction time (IACT) was measured 
from the right atrial pacing spike to the onset of left atrial depolarization, as detected by an esophageal electrode. 

so Inter-ventricular conduction time is the additional delay caused by right ventricular pacing on the onset of left ven- 
tricular activation-contraction. This was assessed by measuring the duration of left heart pre-ejection period both during 
RV pacing and during spontaneous depolarisation. The difference between these modes of initiating a contraction is 
thus an approximation of the inter-ventricular conduction time. 

The above research has shown that in conditions of apparent physiological pacing as judged from right-sided AV 

55 intervals within a physiological range, non-physiological left heart AV intervals may result. Furthermore, it is well known 
that non-physiological left heart AV intervals may produce impairment of ventricular function. Thus, depending on 
whether the right atrium and right ventricle are paced or sensed, there will be alteration or not on the left heart AV interval. 
When the right atrium is sensed, there is no change in the left heart AV when the right ventricle is sensed as well, but 
the LAV will lengthen when the right ventricle is paced. When the right atrium is paced, there is a shortening in LAV 
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when the right ventricle is sensed, but if the right ventricle is also paced, the delays may partially cancel out WO86/05698 
discloses a cardiac pacemaker in accordance with the precharacterising part of Claim 1 , including a means for sensing 
right atrial depolarization signals, means for sensing right ventricular depolarization signals, control means for receiving 
said right atrial and right ventricular depolarization signals, atrial and ventricular pacing means for applying stimulating 
5 pulses to the atrium and to the ventricle, and timing means in said control means comprising: 

(a) means coupled to said right atrial sensing means for determining whether the rate at which said atrial depolari- 
zation signals occur are below a predetermined value; 

(b) AV interval determini ng means coupled to said right atrial and said right ventricular sensing means for determining 
10 whether the time between the occurrence of an atrial depolarization signal and the next succeeding ventricular 

depolarization signal, on the average, exceeds a predetermined AV interval value and if so, triggering said ventricle 
pacing means; and 

(c) adjusting means for adjusting pacing induced AV interval. 

15 The present invention relates to an improved pacemaker which automatically adjusts right heart AV interval to opti- 
mize left heart AV interval by compensating for pacing-induced inter-atrial and inter-ventricular delays. 
The distinguishing features of the present invention are set out in the characterising part of Claim 1 . 
Preferably, conventional DDD and DDDR circuitry are utilized, and programming of sensor rate control is optional. 
The patient's intrinsic lower rate and AV interval determine the pacing and sensing actions required. According to these 
20 requirements, the pacemaker selects an appropriate AV interval. Values for interatrial and inter-ventricular delays are 
either assumed or measured via standard non-invasive techniques and programmed into the pacemaker. In this manner, 
a right AV interval that will compensate for these delays is automatically chosen by the pacemaker. 

DESCRIPTION OF THE DRAWING 

25 

Figure 1 depicts the anatomy of the conduction tissues of the heart. 
Figure 2 shows a typical lead configuration used in the system. 

Figure 3 shows the cardiac depolarization pathways in the normal heart (a), during right atrial pacing (b) and during 
right ventricular pacing (c). 

30 Figure 4 is a functional block diagram of an apparatus that embodies the teachings of the present invention; and 
Figure 5 depicts a software flow diagram of the preferred algorithm allowing for compensation of left heart AV interval 
in accordance with the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

35 

A preferred embodiment of the cardiac stimulating apparatus incorporating the present invention is shown in the 
block diagram of Figure 4. In this drawing there is depicted schematically a heart 10 having 2 distinct leads, one in the 
atrium 12 and another in the ventricle 14. The lead 12 is shown as being passed through the superior vena cava and 
through the right atrium with tip electrode 13 projecting into the right atrial appendage and the lead 14 is shown with tip 
40 electrode 1 5 positioned at the apex of the right ventricle. 

It comprises conventional DDD circuitry with rate control by a sensor (DDDR). Depending on the pacing and sensing 
action, as determined by the patient's own rate, sensor rate and intrinsic atrio-ventricular (AV) interval, the pacemaker 
selects an appropriate pacing AV interval. Right heart AV is accommodated to compensate for inter-atrial and inter- 
ventricular delays. These values can be calculated using non-invasive techniques and programmed into the pacemaker 
45 or alternatively default values may be used. Default inter-atrial conduction time (IACT) and interventricular conduction 
time (IVCT) typically may consist of average values observed in the paced population. 

The pacing algorithm described hereinbelow demonstrates one of the many ways by which compensation of left 
heart AV interval may be accomplished, and is based on the following premises: 

so 1 .- Pacing the right atrial appendage causes a delay in left atrial contraction (inter-atrial conduction time, IACT). 

2. - Pacing the right ventricular apex causes a delay in left ventricular contraction, similar to that observed in Left 
Bundle Branch Block. 

3. - Atrial contribution to ventricular systole is dependent on AV interval. 

4. - Maintenance of left heart AV sequence is more important than right heart AV sequence for preservation of left 
55 ventricular efficiency. 

The pacemaker has a 2 stage operating mechanism: 
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1. - An Analysis Stage, during which it analyzes the timing of a programmable number of beats, for example 4 
consecutive beats of the patient's intrinsic rhythm, and measures 4 AV intervals, obtaining a moving average 
refreshed every beat AV interval during this stage is set at 250 ms to allow ample range for intrinsic AV intervals. 

2. - A Pacing Stage, during which a programmable number of beats ace paced, for example the next 1 00 consecutive 
s beats, according to the measured values (intrinsic AV, P wave rate), the other selected operating parameters of the 

pacemaker (left heart AV, lower rate, upper rate and other conventional variables) and sensor rate. The pacing AV 
interval will be selected so as to provide a left AV interval within a physiological range. 

With particular reference to Figure 4, there is depicted schematically a heart 10 having a multi-lead pacing/sensing 
w apparatus disposed therein. The lead 12 is shown having electrode 13 for pacing the right atrium and the lead 14 having 
electrode 15 positioned at the right ventricular apex. A proximal indifferent electrode 18 is located outside of the heart. 

Passing through the body of lead 12 there are 1 or 2 conductors (unipolar or bipolar configuration) plus the necessary 
conductors and/or hardware for sensor control of heart rate, to be connected in the usual manner to the implantable 
stimulator device enclosed by dashed line box 22. 
is The rate detection and stimulating apparatus enclosed by the dashed line box 22 includes a sense amplifier unit 24 
having its input connected by a conductor 26 to the tip electrode 13 of the lead 12. The sense amplifier unit 24 is thus 
able to detect and amplify signals from the P wave segment of the standard electrocardiogram resulting from the beating 
action of the heart 10. An additional sense amplifier 30 detects and amplifies the QRS complex of the standard electro- 
cardiogram in a similar manner. The output from the sense amplifier unit 24 is fed to a rate detector circuit 32 which, as 
20 its name implies, converts the detected P-P interval to a rate value, R-i , measured in beats/minute. This measured heart 
rate value, R 1f is then compared to a predetermined rate reference value, R 2 , as indicated by block 34 and stored in 
memory 36. This value is used to determine pacing mode. 

To evaluate the AV interval, the stimulator module 22 further includes an R wave sensor and amplifier 30 and AV 
detect circuitry 38 for detecting the right AV interval of the heart. AV interval is measured as the time elapsed between 
25 atrial and ventricular depolarizations, reflected as the time difference between either the native P wave or an atrial pacing 
spike and the native R wave or a ventricular pacing spike. 

A programmable number of AV intervals will be evaluated by AV detector 38. A suggested number of intervals that 
will give a reliable average is 4. The detected value signal for AV interval from detector 38 is passed to AV comparator 
40. When programmed to compute the average of 4 consecutive native AV intervals, this 4 beat average is compared 
30 to a predetermined, fixed threshold of, for example, 1 70 msec. The result of this comparison is stored in memory 42 and 
used by logic circuitry 44 to select and execute pacing mode. Either atrial pacing 46 or ventricular pacing 48 or both 
may be chosen. Stimulating pulses are then delivered via conductors 50 and 52. Thus, pacing and sensing of the right 
atrium may share the same atrial lead electrodes, and pacing and sensing of the ventricle may share the same ventricular 
lead electrodes. 

35 The pacemaker incorporating the novel timing mechanism of the present invention utilizes standard sensing meth- 
ods. Among these are various alternatives for sensor-controlled rate responsive pacing. Sensor signals may be obtained 
from ventricular leads or leads external to the heart. Examples of standard control parameters that may be derived from 
ventricular leads are stroke volume (volume of blood expelled from the ventricle during a single beat), first derivative of 
volume with respect to time, pressure, temperature, respiratory interval, electrocardiogram or Q-T interval. An example 

40 of an external control parameter is the signal derived from a motion sensor. Any one of these signals can be received 
in the manner known in the art by sensor processor 54, which contains standard circuitry for the execution of sensor 
controlled rate responsive pacing. In this example of the preferred embodiment, the sensor used is of the impedance 
detection type, whereby a driving signal is directed to the intraventricular electrodes, and the resulting voltage is detected 
from the same electrodes and processed in sensor processor 54 and then directed to logic circuitry 44 to determine the 

45 pacing rate. Thus either a programmed lower rate or a sensor-determined rate may control pacing rate in this device. 

ANALYSIS STAGE: 

With reference to Figure 5, the pacemaker first sets a long AV interval (i.e. 250 ms), to permit the measurement of 
so 4 consecutive intrinsic AV intervals (IAV) (block 1) and obtain a moving average of them (block 2). Simultaneously, and 

on a beat-by-beat basis, the pacemaker measures the P wave rate (block 3). 

As shown by decision block 4, a comparator directs a logic state 1 to "yes" output (5) if the measured average AV 

is greater than a reference value of, for example. 200 ms. A logic state 1 is directed to "no" output (6) if the patients 

intrinsic AV is equal to or less than the reference value of 200 ms. 
55 Similarly, and on a beat by beat basis, the patient's P wave rate is compared at decision block 7 with the pacemaker's 

lower rate (LR) (in ODD devices) or with the prevailing sensor rate (SR) (in DDDR devices). If the intrinsic rate is lower 

than either the LR or SR. a logic state 1 is directed to "yes" output (8). If equal or greater than the reference values, then 

the logic state 1 is directed to "no" output (9). 
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The outputs of comparators 4 and 7 directed to logic AND gates 10 through 13 to execute pacing mode. It can be 
seen that any combination of sensing or pacing the ventricle while sensing or pacing the atrium is possible, as indicated 
by blocks 14 through 17. 

5 PACING STAGE: 

The pacemaker has registers for storing conventional programmable parameters, such as upper rate, lower rate, 
sensitivity, refractory periods, etc., and in addition, the values for inter-atrial and inter- ventricular conduction delays and 
selected left heart AV interval (SAV). Optionally, a P wave sensing offset (PSO) may be included. PSO is the difference 
io resulting between AV intervals of paced atrial beats and sensed atrial beats. Since sensing of P waves take some time, 
this time slightly lengthens the AV interval. 

Depending on the results of the comparisons at decision blocks 4 and 7, logic AND gates 10 through 13 and values 
of IACT and IVCT, the pacing modality and AV interval are selected. 

Assuming, for example, that IACT is 120 ms, IVCT is 60 ms and P Sensing Offset is 40 ms, the pacing AV interval 
15 will depend on whether the atrium and ventricle are sensed or paced. For example, if the selected left heart AV interval 
(SAV) is 150 ms, the patient's intrinsic AV is greater than 200 ms. and intrinsic rate is below the lower rate or sensor 
rate, AND gate 1 0 will be activated and the pacemaker will sequentially pace the atrium and ventricle with an AV interval 
of: 

20 AV = SAV + IACT - IVCT = 150 + 120 - 60 = 210 ms (block 14). 

In this case, it can be seen that in order to obtain a (eft heart AV of 150 ms, the right heart should be paced with an AV 
of 210 ms. 

Likewise, if in the same patient the intrinsic P wave rate goes up. then comparator 7 will have a "no" output (line 9). 
25 and comparator 4 will continue with a "yes" output (Required condition: IAV > 200 ms). In this case, AND gate 1 1 will 
be active, and the pacemaker will track the P waves, pacing the right ventricle with an AV delay of: 

AV = SAV - IVCT - SO = 150 - 60 - 40 = 50 ms .to provide the left heart with an AV of 150 ms (step 15), which 
is physiological, and exactly as programmed. 

In contrast, if the sensor rate prevails, thus driving the atrial channel, and if intrinsic AV is shorter than reference 
30 value (in this case 200 ms as compared to 1 80 ms), then pacing the atrium alone in this patient, as it would be the case 
with a conventional DDDR device, would cause the left heart AV to be: 

LAV = IAV - IACT = 180 - 120 = 60 ms. 

35 This is too short, thus it falls within a non-physiological range. The only way to delay left ventricular contraction in this 
situation is to accomplish a more physiological left heart AV interval by pacing the apex of the RV, which will introduce 
a delay in left ventricular activation equal to the inter-ventricular conduction delay. The Pacing AV would thus be: 

PAV = SAV + IACT - IVCT - K = 150 + 120 - 60 - 40 = 170 ms. 

40 

In this case, with a pacing AV of 1 70 ms, the effective left AV will be: 

LW = PAV - IACT+ IVCT= 170 - 120 + 60 = 110 ms. 

45 A constant, K, of 40 ms is used to offset the R wave sensing delay and to reduce the occurrence of fusion phenomenon. 
Fusion beats are those which occur when the pacing spike and the QRS complexes are superimposed upon the other. 

Lastly, if the intrinsic rate is faster than the sensor rate, (decision block 7 with "no" output) and intrinsic AV is less 
than 200 ms (decision block 4 with "no" output), both chambers will be sensed by the pacemaker (step 1 7), in which 
case right and left AV intervals will be similar at 180 ms. the patient's own AV delay. 

so It is known from experiments on many patients that each patient has an optimal AV interval. In particular, the formula 
LAV = AV - IACT + IVCT expresses the relationship wherein left AV interval is equal to the difference between measured 
AV interval and interatrial conduction time plus interventricular conduction time. From this formula, and the examples 
given in the discussion of the prior art, it can be seen that programming a pacemaker to preserve an AV interval that 
falls within physiological range may not give accurate timing on the left heart when based upon measurements of right- 

55 sided events. This occurs because of the pathway of the depolarization and the fact that the timing of the left atrial and 
left ventricular depolarizations are difficult to assess from a standard surface ECG. 

As is known in the art, both the sensing and pacing modes can be programmable. This particular 4/100 cycle 
sequence or any similar ratio, permits rapid corrections of pacing mode as cardiac conditions change. An example of 
such change would be intermittent heart block due to exercise. Therefore, the device permits enhanced flexibility to 
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rapidly respond to such changes. Those values however are modifiable, tailoring them to the individual patient's needs. 
It can be seen then that when the DOD pacer Is operated in accordance with the algorithm illustrated in Figure 5, the 
right heart AV interval can be automatically adjusted so as to optimize the left heart AV interval. This is accomplished 
by compensating for pacing-induced interatrial and inter-ventricular conduction delays that naturally result from place- 
5 ment of the pacing stimulus at a site that is distant from the sinoatrial node. This is also accomplished by selecting 
threshold delay intervals that compensate for the different requirements depending upon whether the atrium is being 
paced or whether naturally occurring P waves are present. 

Claims 

10 

1 . A cardiac pacemaker including a means (12,24) for sensing right atrial depolarization signals, means (14,15,30) for 
sensing right ventricular depolarization signals, control means (38,40) for receiving said right atrial and right ven- 
tricular depolarization signals, atrial and ventricular pacing means (46,46) for applying stimulating pulses to the 
atrium and to the ventricle, and timing means in said control means comprising: 

15 

(a) means (32,34) coupled to said right atrial sensing means (12,24) for determining whether the rate at which 
said atrial depolarization signals occur are below a predetermined value; 

(b) AV interval determining means (38,40,42,44) coupled to said right atrial and said right ventricular sensing 
20 means (12,24,30) for determining whether the time between the occurrence of an atrial depolarization signal 

and the next succeeding ventricular depolarization signal, on the average, exceeds a predetermined AV interval 
value and if so, triggering said ventricle pacing means (46); and 

(c) adjusting means (44) for adjusting pacing induced AV interval; 
25 characterised in that:- 

d) the ventricle pacing means (48) generates a series of ventricular stimulating pulses when triggered, each 
pulse following a predetermined time delay from the preceding atrial depolarization signal, 

30 e) storing means (36,42) is provided for storing inter-atrial and inter-ventricular conduction delay values deter- 

mined for the patient with whom the pacemaker is used and for storing a selected effective left heart atrioven- 
tricular interval, and 

(f) the adjusting means (44) utilises the stored inter-atrial and inter-ventricular conduction delay values and 
35 produces an effective left heart AV interval corrected for pacing-induced timing delays which result from whether 

the atrium and/or the ventricles are being paced or sensed. 

2. The device as in claim 1, wherein said right atrial sensing means (12,24) detects the presence or absence of a 
native atrial beat and if no native atrial beat is detected within a pre-established physiologic time interval sends a 

40 control signal to said atrial pacing means (46) to apply said stimulating pulse to the atrium before engaging said AV 
interval determining means (38,40,42,44). 

3. The device as in claim 1 or 2. wherein said AV interval determining means (36,40,42,44) further includes means 
(38) for determining a programmable number of AV intervals and determining the average thereof and comparator 

45 means (40) for comparing said average AV interval to a predetermined programmed interval. 

4. The device as in claim 1 or 2, wherein said predetermined AV interval value is programmable. 

5. The device as in any preceding claim, wherein said means (32,34) coupled to said right atrial sensing means (1 2,24) 
so for determining atrial depolarization rate further includes an atrial rate detection means (32) for detecting the time 

interval between a first and a second native atrial depolarization and an atrial rate comparator means (34) for deter- 
mining if the rate at which said second native atrial depolarization occurs is below a predetermined value. 

6. The device as in any preceding claim, wherein said right atrial sensing means (12,24) is coupled to comparator 
55 means (34) for comparing native atrial rate to a discrete predetermined lower rate value and logic means (44) coupled 

to said comparator means (34) for activating said atrial pacing means (46) and said ventricular pacing means (48) 
depending on the results of the comparison. 
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7. The device as in claim 3, and further including second comparator means (34) coupled to said right atrial sensing 
means (12.24) for comparing measured atrial rate with a predetermined reference value and controlling said atrial 
and ventricular pacing means (46.48). 

5 8. The device as in claim 3 a- 7. wherein outputs of said first comparator means (40) will determine a right heart AV 
interval to optimize a left heart AV interval. 

9. The device as in claim 3 7 or 8, wherein the AV interval is a function of said predetermined lower rate or sensor 
rate, and whether either the atrium or ventricle or both are paced or sensed. 

w 

PatentansprGche 

1. Herzschrittmacher mit einer Einrichtung (12. 24) zum Erfassen reenter Atrial- Oder Vorhof-Depolarisationssignale, 
einer Einrichtung (1 4, 1 5, 30) zum Erfassen reenter Ventricular-Depolarisationssignale, einer Steuereinrichtung (38, 
15 40) zum Empfangen der rechten Atrial- und rechten Ventricular-Depolarisationssignale, einer Atrial und Ventricular- 
Schrittmachereinrichtung (46, 48) zum Anlegen von Stimulationspulsen an den Vorhof und den VentrikeJ, und einer 
Zeitgebereinrichtung in der Steuereinrichtung, mit: 

(a) einer mit der rechten Atrial-Sensoreinrichtung (12, 24) gekoppelten Einrichtung (32, 34) zum Bestimmen. 
20 ob die Frequenz. bei der die Atrial Depolarisationssignale auftreten, unter einem vorbestimmten Wert ist, 

(b) einer AV-lntervallbestimmungseinrichtung (38, 40, 42, 44), die mit der rechten Atrial- und der echten Ven- 
tricular-Sensoreinrichtung (12, 24, 30) gekoppert ist, urn zu bestimmen, ob die Zeit zwischen dem Auftreten 
eines Atrial-Depoiarisationssignales und des ndchsten folgenden Ventricular-Depolarisationssignales im Mittel 

25 einen vorbestimmten AV-lntervallwertQberschreitet und, falls ja. urn die Ventrikel-Schrittmachereinrichtung (48) 

anzusteuern, und 

(c) einer Einstelleinrichtung (44) zum Einstellen des schrittmacherinduzierten AV-lrrtervalles, 
30 dadurch gekennzeichnet. daB: 

(d) die Ventrikel-Schrittmachereinrichtung (48), wenn angesteuert. eine Folge von ventrikuiaren Stimulation- 
spulsen erzeugt, wobei jeder Puis einer vorbestimmten ZeitverzOgerung von dem vorangehenden Atrial-Depo- 
larisationssignal folgt, 

35 

(e) eine Speichereinrichtung (36, 42) vorgesehen ist, um Zwischen-Atrial- und zwischen Ventrikuldr-Leitungs- 
verzOgerungswerte zu speichern, die fur den Patienten bestimmt sind, fur den der Schrittmacher verwendet 
wird, und um ein gewShltes effektives linkes Herz-Atrioventrikul&r-Intervall zu speichern, und 

40 (f) die Einstelleinrichtung (44) die gespeicherten Zwischenatriai- und Zwischenventrikuiar-LeitungverzOgerung- 

swerte verwendet und ein effektives linkes Herz-AV- Interval! erzeugt, das fur Schrittmacher induzierte Zerts- 
teuerverzOgerungen korrigiert ist, die darauf beruhen, ob der Vorhof und/oder die Ventrikel 
schrittmacherbehandeit. Oder abgefuhlt sind. 

45 2. Vorrichtung nach Anspruch 1, bei der die rechte Atrial-Sensoreinrichtung (12, 24) das Vorhandensein oder die 
Abwesenheit eines angeborenen Atrial-Schlages erfaBt, und, wenn kein angeborener Atrial-Schlag innerhalb eines 
voreingestellten physiologischen Zeitintervalles erfaBt wird, ein Steuersignal zu der Atrial -Schrittmachereinrichtung 
(46) sendet, um den Stimulationspuls an den Vorhof vor Eingreifen der AV-lntervallbestimmungseinrichtung (38, 40, 
42, 44) zu legen. 

so 

3. Vorrichtung nach Anspruch 1 oder 2, bei der die AV-lntervallbestimmungseinrichtung (38, 40, 42, 44) auBerdem 
eine Einrichtung (38) zum Bestimmen einer programmierbaren Anzahl von AV-lntervallen und zum Bestimmen des 
Mittelwertes hiervon und eine Verg I eicher einrichtung (40) zum Vergleichen des mittieren AV-lntervalles mit einem 
vorbestimmten programmierten Intervall hat 

55 

4. Vorrichtung nach Anspruch 1 oder 2, bei der der vorbestimmte AV-lntervallwert programmierbar ist 

5. Vorrichtung nach einem der vorangehenden Anspruche, bei der die mit der rechten Atrial-Sensoreinrichtung (12, 
24) gekoppelte Einrichtung (32, 34) zum Bestimmen der Atrial-Depolarisationsfrequenz auBerdem eine Atrial-Fre- 
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quenzdetektoreinrichtung (32) zum Erfassen des Zeitintervailes zwischen einer ersten und einer zweiten ange- 
borenen Atrial- Depolarisation und eine Atrial-Frequenzvergleichereinrichtung (34) zum Bestimmen, ob die 
Frequenz, bei der die zweite angeborene Atrial-Depolarisation auftritt, unter einem vorbestimmten Wert ist. hat 

5 6. Vorrichtung nach einem der vorangehenden Anspruche. bei der die rechte Atrial-Sensoreinrichtung (1 2, 24) mit der 
Vergleichereinrichtung (34) zum Vergleichen der angeborenen Atrial-Frequenz mit einem diskreten vorbestimmten 
niedrigeren ftequenzwert und einer mit der Vergleichereinrichtung (34) gekoppelten Logikeinrichtung (44) zum 
Aktivieren der Atrial Schrittmachereinrichtung (46) und der Ventriloil^-Schrittmachereinrichtung (48) abhangig von 
den Ergebnissen des Vergleiches gekoppelt ist. 

10 

7. Vorrichtung nach Anspruch 3, weiterhin mit einer mit der rechten Atrial-Sensoreinrichtung (12, 24) gekoppelten 
zweiten Vergleichereinrichtung (34) zum Vergleichen der gemessenen Atrial-Frequenz mit einem vorbestimmten 
Bezugswert und zum Steuern der Atrial- und Verrtrikuiar-Schrittmachereinrichtungen (46, 48). 

is 8. Vorrichtung nach Anspruch 3 Oder 7, bei der die Ausgangssignaieder ersten Vergleichereinrichtung (40) ein rechtes 
Herz-AV- Irrtervall bestimmen, urn ein linkes Herz-AV-lntervall zu optimieren. 

9. Vorrichtung nach Anspruch 3, 7 oder 8, bei der das AV-lntervall eine Funktion der vorbestimmten niedrigeren Fre- 
quenz Oder Sensorfrequenz ist und davon abhangt, ob der Vorhof oder der Ventrikel Oder beide schrittmacherbe- 
20 handelt oder abgefuhlt sind. 

Revendlcations 

1 . Stimulateur cardiaque comprenant des moyens (1 2, 24) de detecter des signaux de depolarisation auriculaire droits, 
25 des moyens (1 4, 1 5. 30) de detecter des signaux de depolarisation ventriculaire droits, des moyens de contrdle (38, 

40) pour recevoir lesdits signaux de depolarisation auriculaire droits et ventriculaire droits, des moyens de stimulation 
auriculaire et ventriculaire (46, 48) pour appliquer des impulsions de stimulation k I'oreiNette et au ventricule, et des 
moyens de mesure du temps dans lesdits moyens de contrdle comprenant : 

30 (a) des moyens (32, 34) couples auxdits moyens de detection de I'oreillette droite (12, 24) pour determiner si 

la frequence desdits signaux de depolarisation auriculaire est inferieure k une valeur predetermined ; 

(b) des moyensde determiner un intervalle AV (38, 40, 42, 44) couples auxdits moyens de detection del'oreiilette 
droite et du ventricule droit (12, 24, 30) pour determiner si le temps ecoule entre un signal de depolarisation 
auriculaire et le signal suivant de depolarisation ventriculaire excede, en moyenne, une valeur d'intervalle AV 

35 predetermined et declencher dans ce cas lesdits moyens de stimulation du ventricule (48) ; et 

(c) des moyensde reglage (44) pour le reglage de la stimulation induisant llntervaile AV ; caracterise en ce que : 
d) les moyens de stimulation ventriculaire (48) produisent une serie d'impulsions de stimulation ventriculaire 
lorsqu'ils sont actives, chaque impulsion suivant un delai predetermine k partir du signal de depolarisation 
auriculaire precedent, 

40 e) des moyens de stockage (36, 42) sont prevus pour le stockage de valeurs de delai de conduction interau- 

riculaire et interventriculaire determinees pour le patient chez, lequel le stimulateur est implante et pour stocker 
un intervalle auriculo-ventriculaire choisi efficacedu coeur gauche, et 

(f) les moyens de reglage (44) utilisent les valeurs de delai de conduction interauriculaire et interventriculaire 
stockees et produisent un intervalle AV du coeur gauche eff icace corrige pour les delais induits par le stimulateur, 
45 qui resultent de I'etat de stimulation ou de detection de I'oreiNette et/ou des ventricules. 

2. Disposrtif selon la revendication 1, dans lequel les moyens de detection de I'oreillette droite (12, 24) detectent fa 
presence ou I'absence d'un battement d'oreillette native et, si aucun battement d'oreillette native n'est detecte pen- 
dant un intervalle physiologique preetabli, envoient un signal de contrCle auxdits moyens de stimulation (46) pour 

so appliquer ladrte impulsion de stimulation k I'oreillette avant d'engager lesdits moyens de determination de llntervaile 
AV (38. 40. 42, 44). 

3. Disposrtif selon la revendication 1 ou 2, dans lequel lesdits moyens de determination de llntervaile AV (38, 40, 42, 
44) comprennent en outre des moyens (38) de determination d'un nombre programmable d'intervalles AV et de 

55 determination de la moyenne de ceux-ci, et des moyens comparateurs (40) pour comparer ledrt intervalle AV moyen 
k un intervalle programme predetermine. 

4. Disposrtif selon la revendication 1 ou 2, dans lequel ladrte vaieur dlntervaile AV predeterminee est programmable. 
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Dispositif selon Tune quelconque des revendicatons precedentes. dans iequei lesdits moyens (32. 34). couples 
auxdits moyens de detection (1 2, 24) de i'oreillette droit e pour determiner la frequence de d6polarisation auriculaire, 
comprennent en outre des moyens de detection (32) de la frequence de I'oreillette pour detecter llntervalle de temps 
errtre una premiere et une seconde depolarisation d'oreillette native, et des moyens comparateurs (34) de la 
frequence de I'oreillette pour determiner si la frequence k laquelle ladite seconde depolarisation de i'oreillette native 
se produit est irrferieure k une valeur pr6d6termin6e. 

Dispositif selon i'une quelconque des revendications pr6c6dentes t dans iequei lesdits moyens de detection (1 2, 24) 
de I'oreillette droite sont couples aux moyens comparateurs (34), pour comparer ia frequence de i'oreillette native 
k une valeur de frequence discrete inf 6rieure pred6termin6e, et k des moyens logique (44) couples auxdits moyens 
comparateurs (34) pour activer lesdits moyens de stimulation auriculaire (46) et lesdits moyens de stimulation ven- 
triculaire (46) en fonction des r6sultats de la comparaison. 

Dispositif selon la revendication 3. et incluant en outre des seconds moyens comparateurs (34) couples auxdits 
moyens de detection (12. 24) de I'oreillette droite pour comparer la frequence auriculaire mesuree avec une valeur 
de reference pr6d6termin6e et contrGler lesdits moyens de stimulation auriculaire et ventriculaire (46, 45). 

Dispositif selon la revendication 3 ou 7, dans Iequei les signaux de sortie desdits premiers moyens comparateurs 
(40) determinant un intervaile AV du coeur droit pour optimiser un intervalle AV du coeur gauche. 

Dispositif selon la revendication 3, 7 ou 8, dans Iequei llntervalle AV est fonction de ladite frequence inferieure 
predeterminee ou de la frequence du detecteur, et depend de si I'oreillette ou le ventricule, ou les deux, sont stimuies 
ou detectes. 
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